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ABSTRACT 


This paper proposes a finite set model predictive control of doubly fed induction generator under unbalanced grid voltage 
conditions. The generation of sufficient power which equals the load demand and grid voltage stability is the major 
concerns that are to be addressed during the last decade. When the high capacity wind power generation is synchronized 
with the power grid, several problems in the dynamic behaviour of the power system are raised. During grid faults the 
transients are observed in the power system; when transients, occur the low voltage ride through is the major concern for 
the wind turbine to be in stable state. During this period the wind turbines inject harsh distorted currents in to the power 
system due to the unbalanced grid voltage conditions. The doubly fed induction generators are most commonly used in the 
wind turbine due to the presence of low voltage ride through (LVRT) and high voltage ride through (HVRT) capabilities. 
This paper provides a complete study on the LVRT and HVRT capabilities of DFIG based wind turbines. It also analyses 
dynamic behaviour and transient characteristics of DFIG during symmetrical and asymmetrical grid voltage swell and dip 


conditions. The effectiveness of the theoretical analysis is verified by using MATLAB/Simulink. 
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INTRODUCTION 


Wind power generation is the most developing renewable energy source in the world, now-a-days 83 countries around the 
world are using wind mills to generate power and supply the grid [1, 2]. The cost of doubly fed induction generator (DFIG) 
is less and also it requires converter at 30% of generator capacity. Different control techniques are used for the doubly fed 
induction generator (DFIG) under unbalanced grid voltage condition based on vector control or field oriented control [3, 


4]. 


This paper proposes the LVRT and HVRT strategy of doubly fed induction generator (DFIG) under control of 
grid voltage dip and grid voltage swell conditions. The fault control ability of wind power specially including low voltage 
ride through(LVRT) and high voltage ride through(HVRT) is done by using doubly fed induction generator(DFIG) [5].the 
voltage dips are mainly occurs due to earth faults and short circuit in the grid. When a short circuit occurs then it provides 
LVRT control strategy. The wind turbine is not designed to achieve these requirements and disconnected from the grid 


during power system disturbance [6].The voltage swell occurs at point of common coupling (PCC) when the wind turbine 
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is disconnected from the grid. To overcome this difficulty a STATCOM reactive power compensation device is used to 


absorb excess reactive power and attain the voltage control [7]. 


To shorten the control complexity, direct torque and power control can be used. The algorithm of direct torque 
control (DTC) is most simple technique. direct torque control (DTC) produces high level of torque ripple during steady 
state period [8].To overcome this draw back direct torque control space vector modulation (DTC-SVM) control can be 
used. DTC-SVM is used to improve the steady state and dynamic response. It offers reduces phase current distortion and 


good torque response [9]. 


Model predictive control strategies can be used for the control of converter. In case of continuous control set 
model predictive control (CCS-MPC) technique a modulator can be bring about switching states based on the predictive 


control continuous output [10]. 


This paper provides finite set model predictive control (FC-MPC) technique can be used to optimize the control of 
inverters. It also improves the output voltage quality of inverters. The MPC also used to LVRT control to improve the 
transient stability of the power system [11]. 

Stator Wind Energy conversion system 


Grid 
Rotor 
x 





Figure 1: Schematic Connection of DFIG to Grid. 


In DFIG the back-to-back converter is used as shown in Figl. The stator windings of the DFIG are connected 
directly to the power grid. While the rotor windings are coupled to the converter. In this configuration both the frequency 
and the current amplitude in the rotor windings can be freely regulated. Besides it can realize soft start for the wind turbine 


and provide the grid fault ride-through ability. It can also reduce the mechanical stress to the wind turbine 


There is a best control technique that was developed to obtain a fast dynamic response that is a predictive current 
control method based on the theoretical calculation [12]. The experimental results from MATLAB/Simulink were 
evaluated in this paper by short circuiting of rotor side converter by providing crowbar device [13]. The changing factors 
of DFIG are influenced by the power grid’s voltage dip and swell which occurs due to the change in wind speed. Here we 


compare and analyse the difference between the two faults [14]. 
MATHEMATICAL MODELLING OF DFIG 


The demonstration model of the DFIG is shown in Fig.1, considering the generator's variables in the alpha beta reference 


frame. The stator voltage and rotor voltage and flux equations can be written as 
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V.=R i tp Wy (1) 
V,=Reirt+ Pp Pr-j OY: (2) 
Ws = Le i, +Ln ir (3) 
W, = Lim ig + Ly i, (4) 
Te=3/2 plm {¥,*I,} (5) 
S=P4jQ=1.5 Ly, (6) 


Where the variables are defined as follows: 
e §6V,.V,= Stator voltage and rotor voltage vectors 
e  =I,, 1,=stator current and rotor current vectors 
e 6, 'P,- stator flux and rotor flux vectors 
e §6L,, L= stator self inductance and rotor self inductance 
e Ly» = magnetising inductance 
e  R,, R= stator resistance and rotor resistance 
e ©6©T, = electromagnetic torque 
e P,Q= stator active power and stator reactive power 
© = @s,@,=synchronous and rotor electrical speed 
e p=d/dt 
e P=no.of pole pairs 
e *= complex conjugate operation 


The active and reactive power at the stator and rotor windings can be calculated as follows: 


P, =3 /2 (vsa isa + vs is) (7) 
Q, = 3 /2 (vsB isa —vsa is) (8) 
P, = 3 /2 (vre ira + vrB irB) (9) 
Q= 3 /2(vrP ira -vra irB) (10) 
The voltage drops at time t=0 from its initial value V,,, to its final value Vout. 

V¥, 10)=V,2e"™" (1) 
V.°(t>0)= Veaur e 1°" (12) 


In actual systems the voltage drops with a particular derivative which depends on the grid and the characteristics 


of the fault that has caused the voltage dip. 
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DFIG MODEL PREDICTIVE POWER CONTROL 


The model predictive control is also used to DFIG’s wind power system is shown in Fig 2. It is a simple technique. This 
model predictive control (MPC) predicts behaviour of the system in future. By using MPC we minimize the cost function 
and admirable steady state response can be obtained. The stator resistance is neglected (R,=0). The relationship between 


the stator voltage and flux in steady state can be concluded from (1) as 
Vs=jo.YV, (13) 
From (3) and (4), the stator current can be expressed by stator and rotor flux 
I ,=A (L, Ys — Ln P:) (14) 
Where A=1-Ly,/ (L, L,). 
By substituting (13) and (14) into (6), the stator output apparent power can be calculated using Vs and r so that 
S = j3/2 ho, [L,I¥l-La(Y, YO] 
Thepower derivatives can be approximated to 
dp/dt = 3/2 , ALm [Im{V, P.} +@,Re{ ¥, ¥,*}J= fp (16) 


dq / dt = -3/2m)ALm [Re {V; Vs} - ; Im {¥, ¥,}] = fy (17) 


converter 






Minimization of cost 
function 












X(k+1) 





predictive 
model X{k) 
measurements 






Figure 2: Block Diagram of MPC for Power Converter. 


The MPC scheme was applied to power converters and drives is conferred in Fig 2. It represents the topology of 
converter or grid or any other active or passive load. In this method measured changeable x(k) are used to compute 
predictions x (k+1) of the controlled variables for each one of the n feasible actuations, i.e., currents or voltages, switching 
states and these predictions are analysed using a cost function which takes the reference values x*(k) and constraints, and 


hence optimal actuation S is picked and enforced in the converter. 

STATOR TRANSIENT FLUX ANALYSIS OF GRID VOLTAGE DIP 

Assume if the system is stable before to, the stator voltage can be expressed as 
Vs=Ue!™'(t< 10) (18) 
Where 


U = the amplitude of the stator 
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W = stator synchronous angular velocity 


If the symmetrical grid voltage occurs at tO, set the amplitude of grid voltage is P if P < 0 the system voltage drop 


occurs. When P > 0 the system voltage swell occurs. 
Stator voltage can be written as follows 
Vs=(1 + P) Ue!®, ‘(t > to) (19) 


The corresponding stator flux before and after the dip appearance 


WY. = Voce! (t < 0) /jas (20) 
Ws =P0 e*/(t> 0) (21) 
Where 


Wo= initial value of flux for (t=0) 
I,=L,/R,= stator time constant 


During grid voltage fault the stator flux linkage can be gradually transitions from one study state to another 
because flux can’t be mutated. Assume rotor is open during short circuit condition the voltage is zero (V=0).the machine 


demagnetized there is no flux no EMF induce in rotor winding. 
Substitute stator flux equation in to stator voltage equation 
d/dt Ps = V,—R,/L, ¥, (22) 
By solving above equation we get 
W, = (14P) U e+ B67 fo, (23) 
Where 
Wino = constant (rated flux condition) 
T,=R,/L, 


It analyses the flux doesn’t rotate during dip it is fixed with rotor. The flux which is rotates at grid frequency 
before the dip and it freezes during the dip. Its amplitude decays gradually from its initial value to zero with stator time 


constant. 

Assuming that the grid fault occurs at time ty =0 

Both (22) and (23) equations can be written as 

W.= (14P) Ue!|'/ja,- PU e'/ ja, (24) 
ELECTROMAGNETIC FORCE INDUCED IN THE ROTOR DURING GRID VOLTAGE DIP 


The electromagnetic force induced in rotor windings during grid disturbances the grid voltage fails. A small difference 


between the stator and rotor flux due to leakage inductances. 
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By using equations (18) and (19) the relation can be expressed as 

WY =L,¥;,/L, + OL, i, (25) 
Where 

O=1- Ly-/L.L, is leakage co-efficient 

Substituting (25) into rotor voltage equation (2) it can be written as 

V,=Ly P/L,(d/dt -jo, + [Rr+ G L, (d/dt - jo,)] i, (26) 


In the equation (26) first term is the EMF generated by the stator flux on the rotor loop, denoted by v,,, it is the 


rotor open circuit voltage and the second term is the rotor loop impedance drop. 


The electromotive force induced on the rotor loop by the stator flux steady state and transient components are 


denoted by the e,; and e,, respectively, and the relationship with the rotor open circuit voltage can be expressed as, 
Vro= ey + Cr (27) 
Calculatedby (23) and (26) are available 
er = Lip/Ls Viaune™ 's 
Cm = -Ly /Ly 141 t+j@,) Pen (28) 
Where, s = (@1-@,)/@, is the slip ratio 
Neglecting the small term 1/r, there are 
C= -J O;(Lin/ Ly) Pom (29) 
Therefore, the rotor open circuit voltage in co-ordinate system can be written as 
Vio= L/LsU[(1+p)se!+(1-s)pe? ‘e“] (30) 


From the equation (30), it can be seen that, after the grid fault the rotor steady state amplitude of open circuit 


voltage is 1+p times that before the grid fault. 
STATOR CURRENT OF GRID VOLTAGE DIP 
There is no current in rotor, before and during the dip the stator current can be written as 


I, = P,/L, (t < 0) = Vore e°" aL, 


pre 


I= YUL, (t > 0) = Ye /L, (31) 


The space vectors of currents stops rotating during dip which implies the circulation of DC currents in stator 


reference frame. These currents are not constant as they decay exponentially with the same dynamics as the flux. 
ROTOR CURRENT OF GRID VOLTAGE DIP 


The doubly fed induction generator is operating normally, the influence of rotor current can be considered .the equation 


(26) can be written as stator co-ordinate into synchronous rotating co-ordinate system. 
SO L, di,,gg/dt +(R,+j@ G Ly) tp.ag = Vredq-Vrordq 
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SIMULATION RESULTS 


The simulation results are constructed based on MATLAB/SIMULINK to verify the mathematical model of DFIG under 
unbalanced grid voltage conditions. For simulation the rating of the DFIG is taken as 1.5MW. The performance of DFIG 
under the second fault occurs at time t=500ms and they are shown in the appendix. The level of voltage dip at P1=50% and 
the rotor speed of n,=1725 rpm and the grid fault angle at the first fault occurs at 40°.The level of voltage dips for the first 
grid fault P; at 80%,50%,30%,20% are shown in fig.(3). The rotor current, stator current and electromagnetic torque of the 
DFIG with different P, are shown in fig.3 (a), (b),(c) and(d). The first grid fault of 80%,50%, 30%, 20% respectively is 
reduced by using crowbar technique. The maximum rotor current I,, stator current I,,, and maximum torque fluctuations 


Tem is decreased with the decrease of P;.as shown in fig (3). 
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(d) P\= 80% 
Figure 3: Simulated Performance of DFIG with Different Voltage Dips Level of the First and Second Grid 
Faults P,, P2, (a) P1=20% (b) P1=30% (c) P1=50% and (d) P1=80%. 

The level of the voltage dip for the first and second faults at 20%, 30%, 50% and80% are as shown in the fig.(3), 
The stator resistance (R,) of small-scale DFIG is high .during vector control stator time constant r,. is smaller. As a result, 
the influence of voltage recovery of the first voltage dip on the second voltage dip will be smaller if the duration between 
two faults (p;andp.) is fixed. So, with the same situation the maximum rotor current I,,, stator current I,,, and torque 
fluctuations T,,, on the second fault will be smaller. In case of large scale DFIG the influence of voltage recovery of first 
voltage dip on the second voltage dip will be larger. The first grid fault pl is reduced to 50% and 20% respectively, the 


maximum rotor current I,,,, the maximum stator current I,,, and the maximum torque fluctuations T,,, is decreased with the 


decrease of P,. 


CONCLUSIONS 


This paper presented the dynamic behaviour of doubly fed induction generator under grid voltage dip condition. When the 
sudden rise of grid voltage is occurred it is necessary for the DFIG to withstand the low voltage ride through capability of 
equipment at the grid side converter. It can be done with the help of crowbar and vector control methods. The rise in 
voltage causes over modulation of converter which develops in suppressible current by accommodating dc bus voltage and 
governs the system side to absorb reactive power to reduce the voltage at AC side terminal can be improved. By proposing 


FCS-MPC strategy the output voltage quality of inverter has improved. 
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